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ABSTRACT 


An  «yp«rim?ntal  investigation  was  conducted  that  was  concerned  with 
the  initial  phases  of  a  research  program  for  detemining  the  eaainer  in 
which  certain  basic  variables  influence  the  high  frequency  combustion 
pressure  oscillations  in  a  rocket.  Motor,  The  experimental  investigation 
reported  herein  waa  conducted  with  &  gaseous  blpropeli&nt  rocket  motor 
which  simplified  Ui3  experimental  work  by  eUffllnatin*  several  variables 
which  enter  into  the  combustion  process:  atomization,  vaporisation,,  mix¬ 
ing,  etc* 

The  combustion  pressure  oscillations  observed  in  the  subject  inves¬ 
tigation  had  frequencies  ranging  from  550  to  17^5  cycles  per  second  for 
u  wwiuVviv-  Th^  i icillfttipriH  were  measured 

vith  a  cathode  ray  oscillograph. 

The  effects  of  combustion  chamber  geometry,  me  noaxle  configuration, 
the  heat-release  rates  of  the  propellants,  the  combustion  pressure,  and 
the  equivalence  ratio  upon  the  combustion  pressure  oscillations  were  in¬ 
vestigated,  ' 

It  is  planned  to  continue  the  experimental  work  performed  with  the 
g*seous  bipropnliant  rocket  motor  so  that  additional  basic  information 
regarding  the  mechanism  of  high  frequency  combustion  pressure  oscilla¬ 
tions  can  be  determined. 


INIUOL'UC  TI  OH 

In  general,  there  are  two  basic  types  of  combustion  pressure  oscil¬ 
lations  encountered  in  rocket  motors;  "low  frequency  combustion  pressure 
osdl  Iftti'ns11  and  "high  frequency  combustion  pressure  os  dilations. 11 
This  report  will  be  concerned  only  with  the  high  frequency  combustion 
pressure  oscillations  (l)(2).# 

The  frequency  range  of  high  frequency  combustion  pressuro  oscilla¬ 
tions  nwv  he  frnm  several  hundred  nyr.lfts  per  second  tft  possibly  IP .000 
cycles  per  seconu,  ana  tne  mono  ox  oscillation  may  oe  longit uuinai , 
radial,  or  tangential  (see  Fig,  1).  It  is  believed  that  the  tangential 
mode,  also  called  the  "sloshing”  mode,  is  the  rao&t  destructive  to  the 
rocket  motor.  From  a  broad  point  of  view  it  is  possible  to  segregate 
the  variables  influencing  the  combustion  mechanism  of  liquid  propellants 
into  three  classes  discussed  below.  Although  the  pertinent  variables 
are  listed  separately  for  simplicity,  it  is  recognized  that  all  of  them 
are  interrelated  and  many  of  them  act  simultaneously,  The!  afore- mentioned 
three  classes  of  variables  are 

(1)  variables  pertinent  to  the  preparation  of  the  propellant 
for  combustion; 

(2)  variables  which  influence  the  reaction  kinetics  of  the 
mixture,  including  these  influencing  the  rate  of  heat 
transfer  to  the  mixture;  and 

■K-  Number  jr*  parentheses  apply  to  references  in  the  Bibliography,  Ap¬ 
pendix  E, 
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(3)  variables  related  to  the  gcometri  c  configuration  of  the 
thrust  chanber  and  the  exhaust  nozzle,  which  influence 
the  gas  dynamical  processes  in  the  rocket  motor. 

Variables  Which  Kay  Influence  Combuation  Pressure  Oscillations 

The  individual  variables,  which  may  play  £  part  in  either  aggravat¬ 
ing  or  dampening  Lite  tendency  fur  high  frequency  combustion  pressure 
oscillations  to  occur,  will  be  lasted  as  three  separate  groups, 

(a)  Propellant  Preparation  Factors*  The  principal  variables  re¬ 
lated  to  the  preparation  of  the  propellants  for  combustion  are  as  fol¬ 
lows: 

{  **  '  *  > -  -  *  -  -  l  Jk  -  ...  -«  -■  • . -  .  .  >  1  .  .  .  i  .  : 

\  A/  UtiU  W  'W  Ui  <U  VVtlU.HU  WVli  A  VUV  i.  VJVVJ.HW1VV) 

(2)  the  penetration  of  the  propellant  streams  into  the  gases 
existing  in  the  combustion  chamber'; 

(3)  the  vaporization  rate  of  the  propellents; 

(4)  the  degree  of  uniformity  of  the  vaporized  propellants 
(reactive  mixture) ; 

(5)  the  temperature  distribution  of  the  reactive  mixture; 

(6)  the  spatial  distribution  of  the  reactive  fixture  in  the 
thrust  chamber;  and 

(7)  the  fuel/oxidizer  ratio  distribution  fer  the  reactive  mixture, 

(b)  Chemical  and  Heat  Transfer  Factors.  This  category  includes 
the  following: 

(1)  the  rate  of  flame  propagation  through  the  pertinent  propel¬ 
lants  at  different  mixture  ration t 

(2)  the  effect  of  the  temperature  and  pressure  of  the  vaporized 
propellants  upon  the  rate  of  burning  at  different  mixture 
ratios; 


i 
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(3)  the  effect  of  non- uniformity  in  the  mixture  diotribution  upon 
the  burning  rates; 

(4)  the  effect  of  the  temperature  distribution  upon  the  burning 
rates ; 

(5^  the  effect  of  diluents,  such  as  the  hot  burned  gases  which 
are  vervtroul Ated  into  tho  vaporized  propellants,  upon  tho 
temperature  distribution,  homogeneity,  and  buiui.-*  rates ♦ 

(c)  Geometrical  Factors,  The  geometrical  factors  v.vich  appear  t.o 
be  important  are  as  follows: 

(1)  the  aspect  ratio  which  may  influence  the  recirculation 
hot  gases  and  the  reflection  of  pressure  wave 3  to  the  com¬ 
bustible  mixture; 

(2)  the  configuration  of  the  exhaust  nozzle,  since  it  too  may 
influence  the  recirculation  of  hot  gases  and  the  r^fl^cti^n 
of  pressure  v/aves  into  the  combustible  mixture;  and 

(3)  the  combustion  volume,  especially  with  respect  to  the  effort 
of  different  distributions  of  the  propellent  mixture  upon 
the  combustion  processes* 

Gcope  of  the  Research  Program 

The  objectives  of  the  research  program  are  concerned  with  determin¬ 
ing  the  relative  importance  of  several  of  the  pertinent  physical  and 
chemical  factors  upon  combustion  pressure  oscillations*  Because  of  the 
groat  experimental  difficultien  attendant  upon  the  determination  of  tin. 
influence  of  each  of  the  pertinent  variables  separately  and  in  the  inter¬ 
est  of  simplifying  the  experimental  work  it  was  deemed  logical  to  elim¬ 
inate  as  many  of  the  variables  as  possibly  especially  in  coir  hiding  r,he 


/ 

& 


i 
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first  phases  of  the  research  progi*am,  Consequently,  first  phases  of  the 
research  program  were  concerned  with  tno  factors  influencing  the  oscil¬ 
lations  in  tho  combustion  pressure  of  a  rocket  motor  burning  a  gaseous 
oxidizer  and  a  gasstus  fuel. 

The  principal  reasons  for  conducting  the  Initial  invest  t  gat  ions 
with  u  gaseous  bi propellant  rocket  motor  are  as  follows! 

(1)  any  influence  of  the  vaporization  of  the  propellants  io  thus 
eliminated; 

(2)  the-  mixing  of  the  gaseous  oxidizer  and  gaseous  fuel  can  bo 
readily  controlled; 

(3)  the  heat-release  rate  of  the  propellants  can  be  changed 
markedly  and  conveniently  by  inertly  changing  the  gua  used 
for  the  fuel,  or  the  gas  U3ed  as  the  oxidizer; 

(4)  th«  3ffect  of  diluents,  such  as  nitrogen  or  carbon  dioxide, 
can  be  studied  conveniently; 

(5/  the  non- homo goneity  in  the  composition  of  the  reactive  mix¬ 
ture  can  be  cant  rolled  quite  readily;  and. 

(6)  the  f uel/oxidizer  ratio  can  ba  reaQily  changed,  and  even 
varied  throughout  the  rocket  motors 

Details  o t  the  Research  Program 

Below  is  presented  th«  detailed  research  program,  which  is  of 
gj  necessity  a  long  r^ige  program,  and  divided  into  six  phases, 

Phaa-’j  I,  This  phase  is  concerned  with  studios  for  determining  the 

effect  of  the  pertinent  variables  upon  the  combustion  pres¬ 
sure  oscillations  in  a  gaseous  bipropellant  rocket  motor 
for  a  single  bipropellant  oombitovviion. 
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Phase  XI, 


Phase  III, 


Phase  IV, 


This  phase  is  concerned  with  studies  for  determining  the 
effect  of  tbs  heat-release  rates  of  the  propellant  upon 
the  combustion  pressure  oscillations  * 

This  phase  is  to  bo  concerned  with  studying  the  effect  of 
the  vaporisation  characteristics  of  different  oxidisersj 
t.hfl  fuel  being  in  the  gaseous  state. 

This  phase  will  bo  concerned  with  studies  of  the  effect  of 
the  vaporization  characteristics  of  different  fuels;  the 
oxidjzer  being  in  the  gaseous  state* 


Phase  V,  In  this  phase  the  experimental  results  obtained  from  Phases 
I  and  IV  inclusive  wilJ  be  correlated  with  the  object  of 
developing  a  theory  which  can  bo  applied  by  the  designer 
of  a  rocket  motor. 


Phase  VI,  Thic  phase  comprises  sr  cxporijT!#\r proqr7>**'  fni*  r.hprkinp 
the  theoretical  results  developed  under  Phase  V, 

The  present  report  is  concerned  with  the  results  of  experimental 
invest!  gat  ions  conducted  under  I'hnjrc  J  and  11  above*  The  investiga- 
ticas  were  conducted  i<»r  the  pui pose  of  determining  the  influences  of 
the  following  variables  upon  the  frequency  and  amplitude  of  high  fre¬ 
quency  oophustion  pressure  cacti lutioua  In  a  gaseous*  bipropellant  rocket 

"uoi  ov ;  (i;  eomVv’Ll'ioii  chamber  length,  (/*')  steady  elate  comb nation  pf03~ 

and  (3)  the  configuration  of  the  exhaust  nozzle. 


I 
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METHOD  OF  INVESTIGATION 

General  Procedure 

1.  Investigation  of  the  Effect  of  Combustion  Chamber  Length 

In  these  experiments  the  length  of  the  combustion  chamber  L  was 
changed,  in  steps,  from  6  in*  to  16  in.  by  inserting  or  removing  spacing 
rings  aa  required.  A  series  of  experiments  with  L  as  the  variable  was 
conducted  with  each  of  the  following  propellant  combinations}  (a)  methane- 
air,  (b)  ethane-air,  (c)  ethylene-air,  and  (d)  propane-air.  In  each 
series  of  experiments  the  other  pertinent  variables,  such  as  steady-state 
cumuu»tiun  pressure,  pressure  drops  in  the  air  and  fuel  linos,  the  nossle 
configuration,  the  injector  configuration,  fuel- air  premixing  chamber 
configurations,  and  equivalence  ratio  were  maintained  constant.* 

The  combustion  pressure  oscillations  were  measured  with  Photocon 
pressure  transducers  in  conjunction  with  a  oix-channol  Hathaway  cathode 
ray  oscillograph  (See  Appendix  B),  Figure  2  illustrates  schematically 
the  locations  of  the  pressure  transducers:  at  least  two  were  located 
2  1/2  inches  dovnstream  from  the  face  of  the  injector  and  one  2  1/2 
inches  upstream  from  the  entrance  plane  of  the  tuthausL  nOuvsle. 

In  all  of  the  experiments  discussed  in  this  report,  the  variables 
for  computing  the  air  and  fuel  (gas)  flow  rates,  were  measured,  and 

*  Equivalence  ratio  is  the  fuel-air  ratio  (by  weight)  divided  by  the 
stoichiometric  fuel- air  ratio. 


! 
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PRESSURE 


INJECTOR 


PHOTOCON 

PRESSURE 


Fig, 2  Location  of  the  High  Frequency  Pressure  Transducers 
in  the  Combustion  Chamber 
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also  -he  injection  and  steady-state  combustion  pressures. 

Figure  3  is  a  schematic  flow  diagram  for  the  apparatus  employed  in 
all  of  the  experiments  discussed  in  this  report,  The  detailed  operating 
procedure  is  described  in  Appendix  C. 

2,  Investigation  of  Effect  of  Steady-State  Combustion  Pressure  and 
Equivalence  Ratio 

In  these  experiments  the  equivalence  ratio  was  varied  from  the  rich 
to  the  lean  limits  of  inflammability,  for  different  constant  values  of 
at oady- state  combustion  pressure.  The  latter  was  varied  from  20  to  200 
psia.  The  experiments  were  conducted  with  methane  and  air,  ethane  and 
air.  and  ethylene  and  air0  In  all  eases  such  variables  as  the  length  of 
combustion  chamber*  the  mixing  chamber  configuration,  injector  configura¬ 
tion,  and  nozzle  configuration  were  held  cons  want 9 

The  oscillations  in  the  combustion  pressure  were  measured  with  four 
Photo con  pressure  transducers  in  conjunction  with  a  six-channel  cathode 
ray  oscillograph 0  Three  of  the  pressure  transducers  were  spaced  circum¬ 
ferentially  (90°  apart)  2  1/2  inches  downstream  from  the  injector  and 
the  fourth  was  located  2  l/2  inches  upstream  from  the  nozzle  (see  Fig,  2), 

3*  Investigation  of  Influence  of  Nozzle  Configuration 

In  this  series  of  experiments  three  different  converging  nozzles 
were  employed;  their  geometry  illustrated  in  Fig-  4#  In  ail  cases 
the  propellants  were  methane  and  air. 

Each  nozzle  was  operated  with  the  following  parameters  maintained 
coxujutuitj  the  pressure  drops  in  the  air  and  methane  supply  3 Irma,  the 
mixture  chamber  configuration,  the  injector  configuration,  the  equivalence 
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Schematic  Diagram  of  Rocket  Motor  Plumbing  System 


ratio,  and  the  steady  state  combustion  pressure* 

The  locations  of  the  pressure  transducers  were  those  described 
under  the  preceding  sub-title. 
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EXPERIMENTAL  RESULTS 

1.  Types  of  Combustion  Pressure  Oscillations 

Figure  5  is  ar  oscillograph  record  obtained  from  a  gaseous  bipropel¬ 
lant  rocket  motor  burning  propane  and  air,  designated  as  PA,  at  a  com¬ 
bustion  presaure  of  45  psla,  with  an  equivalence  ratio  (E.R.)  of  1,2, 
and  a  combustion  chamber  lenstth  of  22  5/8  inches*  It  is  seen  that  the 
high  frequency  oscillations  developed  from  what  ware  initially  low  fre¬ 
quency  oscillations }  a  oimilax’  phunumwiu  hua  i  vjr  iiiYvuti 

gators  using  liquid  bipropellant  rocket  motors  (3)* 

Figure  6  is  an  jillograph  record  obtained  under  identical  operat¬ 
ing  conditions  except  that  the  length  of  the  combustion  chamber  was 
28  inches  instead  of  22  5/8  inches*  It  io  seen  from  Fig*  6  that  in  thi,„ 
case  high  frequency  combustion  pressure  oscillations  developed  following 
a  period  where  the  combustion  pressure  was  uniform*  There  was  no  ap¬ 
parent  initiating  disturbance*  It  is  apparent,  however,  that  as  the 
amplitude  of  the  oscillations  increase  their  wave  changes*  For  conven¬ 
ience  of  description  the  tern  "sinusoidal  oscillations"  will  be  employed 

iOr  ucraCrlbijLg  Luuuu  having  a  practically  aliiusoludl  wave  shape,  aud 

the  term  "shock  type"  for  those  having  rapid  rates  of  increase  in  pres¬ 
sure*  It  has  been  observed  in  the  experiments  conducted  with  gaseous 

V>4  1  f  vsr\  4“  ma+  rtv*«  /i  4-  Dhw4ua  T  Tv',  4  ■»»■<-*  v*  +  Vi  n  +  no  +hn  u4  nl 

»  V  XJ  W  UIV  WV4  W  UW  •  VI*  V**4W  W14*.  '  ->»  Urf.  Win*  W  iov  v  WXili*/w*aun 

oscillations  increase  in  amplitude  they  became  transformed  into  the  shock 
type  of  oscillations Experimenters  with  liquid  propellant  rocket  motors 


14 


CHANNEL  I  COMBUSTION  PRESSURE 


CHANNEL  4  COMBUSTION  PRESSURE 

i-. —  . 


CHANNEL  2  COMBUSTION  PRESSURE 


CHANNEL  5  MICROPHONE 


PSI  !  |  INCREASING 

5Q-  t  PRESSURE 

-  -  -..r'/T /“■/*/• 


CHANNEL  3  BLANK 

L*  22  Vq  in. 

P„  *  4  5  p  8  i  a 

V 

E.R.*  1.2  0 

RUN1  PA  83 


O.OI  SEC- 


INCREASING  TIME 


(  S  i  1  ).  .-u;  i  . 

(  iJ  Lit  1*  •»»'- 


■MM  .-f  in. 


‘!^  5 


15 


RUN  PA  88 


fNCREASlNG  TIME 


^scillojirapli  Ki*i  oiil  1 1 1  n 
(  *-u'  1 1 1  ;n  ions 


i  In*  St  a  rt  <  >(  t  lu* 


16 


have  reported  similar  phenomena  (4)(5)(6), 

Figure  7  Is  a  record  obtained  for  the  same  conditions  an  for  Fig^  6 
except  that  the  combustion  chamber  length  was  reduced  to  22  5/8  inches# 
In  this  case  the  frequency  of  the  combustion  pressure  oscillation  is 
5470  ops  imposed  upon  an  oscillation  of  686  cps  (see  channel  2);  the 
letter  frequency  corresponds  to  that  for  the  fundamental  longitudinal 
mode  for  the  of  combustion  chamber  (22  5/8)*  On  the  other  hand, 

the  frequency  of  5470  cps  does  not  correspond  to  any  harmonic  of  its 
longitudinal  mode  of  oscillation. 

Figure  8  illustrates  the  effect  of  reducing  the  length  of  the  com¬ 
bustion  chamber  to  6  5/8  inches,  all  other  variables  *4*muining  constant# 
Here  again  the  oscillations  have  a  frequency  of  5470  cps,  and  as  stated 
earlier  they  do  not  correspond  to  any  longitudinal  mode  for  the  combus¬ 
tion  chairth***,  Tf,  concluded,  therefore,  that  the  5470  cps  oscillation 
is  not  a  function  of  the  length  of  the  combustion  chamber,  and  that  the 
mode  of  the  oscillation  is  one  of  the  transverse  types  (radial  or  tan¬ 
gential)* 

2*  Effect  of  Changing  the  Length  of  the  Combustion  Chamber 

Figure  9  ia  an  oscillograph  record  showing  high  frequency  “shock 
type11  oscillations  of  the  longitudinal  mode  obtained  from  a  propane- air 
rocket  motor  having  a  combustion  chamber  length  of  28  inches;  tha  ftnuhm* 
lence  ratio  was  1,20, 

Figure  10  presents  typical  oscillograms-'  for  one  cycle  of  the  shock 
type  of  high  frequency  combustion  pressure  oscillations  for  the  same 

*  An  oscillogram  is  a  photograph  of  the  display  on  the  face  of  the 
cathode  ray  tube  rf  an  oscilloscope. 
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pocket  motor  burning  (a)  methane-air  (b)  ethane-air,  and  (c)  propane- 
air#  It  is  seen  that  in  each  case  the  pressure  increase  consisted  of 
two  rapid  changes  in  pressure.  The  first  occurred  when  a  longitudinal 
pressure  wave  passed  over  the  pressure  sensing  diaphragm  of  the  Phrtocon 
transducer  in  moving  from  the  nozzle  toward  the  injector,  The  second 
press-are  change  is  due  to  the  same  pressure  wave  being  reflected  from 
the  face  of  the  injector  and  again  moving  past  the  diapliragm  of  the 
Photocon  transducer;  from  the  injector  towards  the  nozzle#  From  the 
oscillograms  presented  in  Fig,  10  the  rates  of  pressure  rise  obtained 
with  the  different  gaseous  propellants  is  readily  determined.  Thus  for 
propane-air  each  pressure  rise  was  approximately  7  psi  and  occurred  in 
approximately  72  microseconds,  giving  a  rate  of  pressure  rise  of  approxi¬ 
mately  97 # 200  pel  per  second,  indicating  that  the  proseure  rise  was  due 
to  a  shock  wave. 

Figures  9,  11,  12,  and  13  are  oscillograph  records  from  experiments 
with  four  rocket  me- tors  each  having  combustion  chambers  ox  the  same 
diameter  but  different  lengths#  Figure  9  was  obtained  from  a  rocket 
motor  having  a  combustion  chamber  length  of  28  inches#  Channel  2  in 
the  figure  presents  the  static  pressure  as  measured  by  a  Photocon  trans¬ 
ducer  located  in  the  wall  of  the  combustion  chamber  2  l/2  inches  upstream 
from  the  entrance  to  the  nozzle,  and  channel  4  is  a  record  of  the  static 
pressure  2  l/2  inches  downstream  from  the  injector;  the  calibrations  for 
channels  2  and  4  are  also  shown  on  the  record.  Channels  1  and  3  are 
static  pressure  records  obtained  from  high  pressure  (2000  psi)  trans¬ 
ducers,  and  channel  5  is  a  record  of  the  noise  xn  witf  i/CDi/  ceil  uu  mea¬ 
sured  by  a  microphone.  No  information  was  taken  from  Channels  1,  3,  and 
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5.  It  is  apparent  .from  the  records  obtained  from  channels  2  and  4  that 
the  combustion  pressure  oscillations  were  of  the  “shock"  typo,  their 
frequency  was  570  cycles  per  second,  and  their  peak  to  peak  amplitude 
was  22  psi. 

Figure  11  illustrates  the  effect  produced  by  reducing  the  length 
of  the  combustion  chamber  from  28  in,  to  22  5/8  in.  The  5  chan¬ 
nels  in  Pig,  11  represent  the  same  parameters  as  in  Fig,  9j  the  pressure 
calibrations  for  channels  2  and  4  are  shown  on  the  record.  It  is  seen, 
from  channels  2  and  4*  that  the  combustion  pressure  oscillations  were 
of  the  "shock"  type,  their  frequency  was  685  cycles  per  second,  and 
their  peak  to  peak  amplitude  22  psi. 

Figure  12  is  an  oscillograph  record  obtained  when  the  length  of  the 
combustion  chamber  was  decreased  to  16  5 /8  in.  Channel  2,  in  Fig,  16, 
presents  the  static  pressure  as  measured  by  a  Photocon  transducer  located 
in  the  wall  of  the  combua tion  chamber  2  1/2  inches  upstream  from  the  en¬ 
trance  to  the  nozzle,  and  channel  4  presents  the  static  pressure  as  mea¬ 
sured  by  a  Photocon  transducer  located  in  the  wall  of  the  combustion 
chamber  2  l/2  inches  downstream  from  the  Injector;  the  pressure  calibra¬ 
tion!}  for  channels  2  and  4  are  shown  on  the  record,  Channel  1  is  a 
static  pressure  record  obtained  from  a  high  pressure  (2000  psi)  trans¬ 
ducer,  and  channels  3  and  5  had  no  input  applied  to  them.  The  records 
obtained  from  channels  2  and  4  indicate  that  the  combustion  pressure 
oscillations  are  of  the  "shock"  type,  their  frequency  was  948  cycles 
p  r  eecond,  and  their  peak  to  peak  amplitude  17  psi. 

Figure  13  is  the  record  obtained  from  a  rocket  motor  having  a  com¬ 
bustion  chamber  length  of  12  5/8  inches.  Channel  2,  In  Fig*  13,  presents 
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the  static  pressure  as  measured  by  n  calibrated  Photo con  transducer  lo¬ 
cated  in  the  wall  of  the  combustion  chamber  2  1/2  inches  upstream  from 
the  entrance  to  the  nozzle.  It  is  seen,  from  channel  2,  that  the  com¬ 
bustion  pressure  oscillations  were  of  the  "sinusoidal**  type,  their  fre¬ 
quency  was  1219  cycles  per  second,  and  their  peak  to  peak  amplitude 
3.5  pal* 

Figure  14  presents  the  frequency  of  the  combustion  pressure  oscil¬ 
lations,  aa  obtained  from  the  oscillograph  records,  as  a  function  of  the 
length  ox'  combustion  chamber  for  five  different  values  of  combustion 
chamber  length  for  the  case  where  the  propellants  were  propane-air 
burned  under  the  conditions  indicated  in  the  figure.  Experiments  con¬ 
ducted  with  the  propellant  combinations  methane-air,  ethane-air,  and 
ethylcne-air  yielded  similar  relationships  between  the  frequency  of  the 
oscillations  and  the  length  of  the  combustion  chamber,, 

Figure  15  presents  tho  amplitude  of  the  combustion  pressure  oscil¬ 
lations  as  a  function  of  the  length  of  the  combustion  chamber  for  the 
propellant  combinations  of  methene-air*  ethane-*air,  and  ethylene-air, 

In  all  of  the  experiments  the  pressure  drops  in  the  air  and  fuel  lines, 
and  the  steady-state  combustion  pressure  were  held  constant.  The  varia¬ 
bles  were  the  combustion  chamber  length  and  the  equivalence  ratio.  The 
curves  in  Fig.  15  were  obtained  by  plotting  the  largest  amplitude  of 
thft  pressure  oscillation  for  a  given  length  cf  conduction  ~h amber,  The 
frequency  ana  latitude  of  ths  oscillations  were  obta^ed  from  oscillo¬ 
graph  records  such  as  those  presented  for  propane  and  air. 
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3,  Effect  sf  Changing  the  Equivalence  Ratio 

■ftieae  experiments  were  conducted  for  the  purpose  of  determining  th’. 
influence  of  the  equivalence  ratio  upon  the  susceptibility  of  a  rocket 
motor  to  combustion  pressure  oscillations.  The  experiments  were  con¬ 
ducted  with  the  following  propellant  combinations j  methane-air,  ethane- 
air,  and  ethylene-air ,  In  all  of  the  experiments  the  length  of  the 
combustion  chamber  was  16  l/4  inches,  and  the  same  exhaust  nozzle  (Ho.  1, 
Fig,  3)  was  employed.  The  steady-stats  combustion  pressure  was  varied 
from  20  to  210  psia  and  the  equivalence  ratios  from  approximately  0,4 
to  1«4. 

Figure  16  is  a  typical  oscillograph  record  from  a  run  using  ethane 
...a  .. i . t*kwv?«  ih*  »*.«Ariv-a combustion  pressure  wa3 

tM  iu  uj-i  x/  .... 

83  paia  arh  the  equivalence  ratio  was  0,990,  and  Fig3  17  is  one  for  the 
same  propellants  for  a  steady-state  combustion  pressure  of  113  paia  and 
an  equivalence  ratio  of  0.991,  Four  Photo con  pressure  transducers  were 
used  in  the  experiments.  Channels  1,  3,  and  L  of  the  oscillograph 
records  shown  in  Figs.  16  and  17  present  the  static  pressure  as  measured 
by  a  Photocon  pressure  transducer  located  2  l/2  inches  downstream  from 
the  injector  face.  Channel  2  presents  the  static  pressure  as  measured 
by  a  Photocon  pressure  transducer  located  2  l/2  inches  upstream  from 
the  nozzle  face. 

Figure  18  is  an  oscillograph  record  obtained  using  methane  and  air 
as  the  propellants  and  Illustrates  the  transverse  oscillations  encountered 
when  the  steady-state  combustion  pressure  is  increased  over  190  psia. 

The  steady-state  combustion  pressure  was  210  psia  and  the  equivalence 
ratio  was  0.670,  Channel  2  presents  the  static  pressure  measured  by  a 
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Fig.  16  Oscillograph  Record  for  Ethane  and  Air. 
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Photocon  pressure  transducer  located  2  l/2  inches  upstream  from  the 
nozzle  face  and  channel  3  presents  the  static  pressure  as  measured  by 
a  Photocon  pressure  transducer  located  2  l/2  inches  downstream  from  the 
injector  face  * 

Figures  16,  17,  and  IS  illustrate  the  effect  produced  by  increasing 
the  combustion  pressure  from  88  to  210  psia0  It  cun  be  aeon  that  as  the 
ot6ady-state  combustion  pressure  is  increased,  the  oscillations  transform 
from  a  longitudinal  to  a  transverse  mode. 

Figure  19  presents  the  equivalence  ratio  as  a  function  of  the  mean 
combustion  pressure  for  the  above  series  of  experiments  .  The  curves 
represent  the  limits  of  regions  wherein  longitudinal  combustion  pressure 
oscillations  occurred  for  the  different  prope  LI  ant  combinations, 

4*  Effect  of  Nozzle  Configuration 

Figures  20,  21,  and  22  present  oscillograph  records  illustrating 
the  effect  of  nozzle  configuration  upon  the  wave  form  of  the  combustion 
pressure  oscillations;  for  a  rocket  motor  burning  mo thane  and  air.  In 
these  experiments  the  steady-state  combustion  pressure,  the  combustion 
chamber  length,  and  the  equivalence  ratio  were  held  constant  and  dif¬ 
ferent  nozzles  having  the  same  throat  diameters  were  employed.  The  con¬ 
figurations  of  the  nozzles  are  shown  Jr  Fig,  3, 

Figure  20  is  an  oscillograph  record  illustrating  combustion  pres¬ 
sure  oscillations  which  occurred  when  Nozzle  No,  1  (see  Fig,  3)  was  em¬ 
ployed. 

Figure  21  was  obtained  with  Nozzle  No,  2  (see  Fig,  3)  and  Fig,  22 
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Fig.  21  Oscillograph  Record  for  Methane  and  Air. 


In  all  of  the  experiments  channels  1,  3,  and  k  present  the  combus¬ 
tion  pressure  measured  by  a  Photocon  pressure  transiucer  located  2  1/2 
inches  dovjnstream  from  the  face  of  the  injector,  and  channel  2  that  mea¬ 
sured  2  1/2  inches  upstream  from  the  entrance  section  of  the  exhaust 
nozzle. 

By  comparing  the  records  obtained  from  channel  2  in  each  of  the 
afore-mentioned  oscillographs  it  is  seen  that  changing  the  nozzle  con¬ 
figuration  alters  the  wave  form  of  the  longitudinal  combustion  pressure 
oscillations  from  the  ''shock11  type.  It  appears  that  by  properly  shaping 
the  entrance  section  of  the  nozzle  the  amplitude  of  the  oscillations  may 
be  reduced  to  an  insignificant  value. 
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DISCUSSION  OF  RESULTS 


Chamber 


A .  Longi  *  udinal  Mode 

Figures  14  and  15  illustrate  the  effect  of  changing  the  length  of 
the  combustion  chamber  upon  the  frequency  and  amplitude  of  the  combus¬ 
tion  pressure  oscillations  of  the  longitudinal  mode*  The  curves  show 
that  the  length  of  the  combustion  chamber  has  a  decisive  influence  upon 
the  frequency,  amplitude,  and  type  of  combustion  pressure  oscillations 
of  the  longitudinal  mode0  The  following  mt.?hanism  is  postulated  f:v 
explaining  the  influence  ox  the  length  of  the  combustion  chamber  upon 
the  characteristics  of  the  combrsticn  pressure  oscillations  of  the 
longitudinal  mode. 

Consider  a  small  pressure  disturbance  traveling  longitudinally 
downstream  from  the  injector  toward  the  nozzle*  During  the  time  that 
the  pressure  disturbance  is  moving  in  the  downstream  direction,  the 
combustion  process  in  the  neighborhood  of  the  injector  proceeds  at,  a 
normal  rat's.  After  the  pressure  disturbance  is  reflected  upstream  from 
the  entrance  section  of  the  nozzle  it  traverses  the  recently  ignited  and 
unburned  propellants  as  it  moves  toward  the  face  of  the  injector*  The 
pressure  wave  compresses  the  unbum ed  and  burning  mixture  traversed  by 

iw  viivrwwjr'  wiiw  yvulbUMvlvH  V  Culp  cr  at  U4  55  uTm  wTv  aud  CCH" 

sequently  the  heat-relea3e  rate.  Because  of  the  increased  rate  of  heat- 
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release  the  pressure  disturbance  becomes  amplified  because  of  the  in¬ 
creased  rate  of  production  of  hot  combustion  gases j  the  latter  rate  ex¬ 
ceeds  that  corresponding  to  the  steady-state  combustion  pressure*  The 
amplified  press  tire  disturbance  is  reflected  from  the  injector  face  and 
again  traverses  the  unbum ed  mixture  augmenting  the  burning  rate  and 
consequently  further  amplifying  the  pressure  disturbance. 

In  a  rocket  motor  havir.0  a  short  tubular  combustion  chamber,  the 
time  for  a  pressure  disturbance  to  travel  the  length  of  the  combus¬ 

tion  chamber  is  short*  Consequently,  only  a  small  amount  of  t  ^mbustible 
mixture  is-  injected  into  the  combustion  chamber  during  the  time  required 
for  two  successive  reflections  of  a  pressure  wave  from  the  face  of  the 
injector.  The  smaller  "he  quantities  of  burned  and  burning  propellants 
traversed  by  a  pressure  disturbance  the  smaller  ic  the  energy  release, 
and  consequently  the  amplitude  of  the  combustion  pressure  oscillations. 

It  is  conceivable  that  if  the  combustion  chamber  is  short  enough  the 
amplitude  of  the  combustion  pressure  oscillations  of  the  longitudinal 
mode  may  became  Insignificant, 

Incr easing  the  length  of  the  combustion  chamber  increases  the  time 
required  for  a  pressure  disturbance  to  traverse  twice  the  length  of  the 
combustion  chamber*  Simultaneously,  the  quantities  of  unburned  and 
burning  propellants  present  in  the  combustion  chamber  between  successive 
reflections  of  the  pressure  wave  are  increased.  One  may,  therefore,  ex¬ 
pect  an  increased  amplification  of  combustion  pressure  because  of  the 
larger  amount  of  thermochemical  energy  released  by  the  pressure  wave  com-* 
pressing  the  larger  amounts  of  unburned  and  burning  propellants*  It  is 
conceivable,  however,  that  if  the  combustion  chamber  were  made  sufficiently 
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long  the  pressure  disturbance  will  be  considerably  attenuated  before  it 
can  traverse  twice  the  length  of  the  combustion  chamber.  Thus  the  re¬ 
turning  pressure  wave  could  be  too  weak  for  raising  the  temperature  and 
pressure  of  the  unturned  and  burning  mixture  significantly,  and,  there¬ 
fore,  there  would  be  no  amplification  of  the  pressure  disturbance. 

The  experimental  results  presented  in  Figs*  9,  11,  12,  and  13  ap¬ 
pear  to  confirm  the  mechanism  postulated  in  the  foregoing*  No  data  wore 
obtained,  however,  for  combustion  ch'unber  lengths  exceeding  28  inches. 
Comparison  of  F\^s,  9  and  11,  for  the  longer  chambers  (28  and  22  5/8 
inches  respectively)  with  Figo.  12  and  13,  shows  that  the  amplitudes  of 
the  oscillations  for  the  longer  chambers  were  larger  than  for  the  shorter 
chambers.  Furthermore,  in  tne  experiments  witn  a  boinuusbluu  uudmuw 
6  5/8  inches  long,  no  high  frequency  combustion  pressure  oscillations  of 
the  longitudinal  mode  could  be  initiated, 

B.  Transverse  Mode 

figure  ?  showe  the  presence  of  an  oscillation  having  a  frequency  of 
5470  cps  superimposed  on  the  longitudinal  mode.*  Regardless  of  the  length 
of  the  combustion  chamber,  the  presence  of  that  frequency  was  noted  in 
all  of  the  pro  pane -air  experiments  which  exhibited  the  transverse  super¬ 
imposed  upon  the  longitudinal  mode. 

Moreover,  the  frequency  of  5470  cps  does  not  correlate  with  the 
fundamental  frequency  or  any  harmonic  of  a  longitudinal  acoustic  mode. 

It  is  concluded,  therefore,  that  the  5470  cps  frequency  is  some  form  of 
transverse  mode  of  combustion  pressure  oscillation,  that  is,  radial, 
sloshing,  or  spinning  (see  Fig.  1). 


Wo  detailed  information  could  be  obtained  regarding  the  5470  cps 
oscillation  because  the  Photo con  pressure  transducers  were  located  so 
that  only  the  longitudinal  mode  could  be  identified.  It  is  planned  to 
make  a  detailed  study  of  the  transverse  modes  of  oscillation  by  employ¬ 
ing  rocket  motors  having  larger  diameter  combustion  changers,  so  that 
the  identification  of  the  various  transverse  modes  will  be  simpler. 

C.  Comparison  of  the  Experimental  .Results  with  a  Mathematical  Analysis 
Figure  23  shows  the  frequency  oi  a  longitudinal  mode  in  cps  as  a 
function  of  the  combustion  chamber  length  in  inches.  The  curve  libeled 
"Theoretical"  was  computed  from  the  following  equation  derived  by 
Tischler  et  al  (7). 

r  ,  0.36  nC« 

1  L 


where 

f  is  the  frequency  of  the  longitudinal  oscillation  in  cps, 

n  is  a  harmonic  factor. 

C*  is  the  characteristic  velocity  in  ft/sec. 

L  is  the  length  of  combustion  chamber  in  ft. 

The  curve  marked  "Experimental"  io  the  same  as  that  presented  in  Fig,  14 
for  the  propane-air  propellants, 

It  is  seen  that  the  experimental,  values  for  the  frequency  of  the 
oscillations  compare  favorably  with  the  calculated  values*  even  though 
the  assumptions  employed  in  deriving  the  equation  limit  its  application  to 
systems  having  no  energy  addition  within  a  cycle*  a  constant  velocity 
for  the  speed  of  sound,  and  no  steady-state  velocity  through  the  system. 


CHAMBER  LENGTH,  INCHES 

Fig. 23  Comparison  of  Theoretical  and  Experimental  Result 
for  Frequency  vs.  Citaiiiuei  Length 


Actually,  apart  from  aiding  in  identifying  the  mode  of  the  oscillation, 
little  5s  gained  by  comparing  the  experimental  and  calculated  values  ox 
frequency. 

Other  theories  are  based  upon  the  concept  of  a  time  lag  (8).  A 
part  of  the  time  lag  includes  vaporization  and  mixing  of  the  propellants 
but  these  processes  are  absent  in  the  rocket  motor  employed  in  the  ex¬ 
perimental  work  reported  herein j  the  propellants  were  premixed  gases 
prior  to  their  injection  into  the  combustion  chaafcer*  No  comparison  was, 
therefore,  made  with  the  theoretical  results  of  the  afore-mentioned  type 
of  theory. 

p  _  StCftdV-Ststft  OAMbliatifV*  IT* j  vVj  "r>  P  IV*  j  —  A  Z 

Figure  19  presents  the  equival&ice  ratio  as  a  function  of  the  mean 
combustion  pressure  for  the  methane-air,  ethane-air,  and  ethylene-air 
propellants*  The  curves  shown  in  the  figure  delineate  the  regions  of 
stable  combustion,  combustion  pressure  oscillations  of  a  longitudinal 
mode,  and  oscillations  of  a  transverse  mode.  To  illustrate,  for  the 
ethylene-air  propellants  no  oscillations  were  observed  in  the  region  to 

enclosed  by  eu^c^  the 
oscillations  were  of  a  longitudinal  mode,  but  in  the  region  enclosed  by 
dl6lbl6l  ^ey  wer(s  of  a  transverse  mode.  For  methane  and  air  the  region 
wherein  the  combustion  was  oscillatory  covered  the  smallest  range  of 
equivalence  ratio*  for  the  propellant  combinations  investigated.  On  the 
other  hand,  combustion  pressure  oscillations  were  encountered  with  the 
ethylene-air  propellants  over  the  widest  range  of  equivalence  ratios. 

It  is  possible  to  relats  the  stability  regions  to  the  heat-release 
rates  Cor  the  propellant  combinations.  The  rate  of  heat-release  for  a 


the  left  of  the  curve  In  the  region 
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propellant*  combination  (see  Appendix  C)  depends  upon  (a)  the  combustion 
pressure,  and  (b)  the  equivalence  ratio.  Since  the  length  of  combustion 
chamber  exceeds  ita  diameter,  it  take 3  longer  for  a  longitudinal  com¬ 
bustion  pressure  wavs  to  traverse  the  combustion  sene  than  it  doss  for 
&  transverse  wave*  Consequently,  a  lower  hoat-release  rate  is  required 
for  sustaining  a  longitudinal  than  a  transverse  oscillation.  Increasing 
the  steady-state  combustion  pressure,  however,  may  increase  the  heat-* 
release  rate  sufficiently  so  that  only  the  transverse  oscillations  can 
be  sustained.  It  appears,  therefore,  that  beyond  a  certain  critical 
steady-state  combustion  pressure  (150  psia  for  methane  and  air*)  only 
oscillations  of  a  transverse  mode  will  occur,  and  below  that  combustion 
p^saire  the  longitudinal  mode  appears.  The  ethylene-air  mixture  has 
higher  heat-release  rates  at  a  given  initial  combustion  pressure  than 
the  other  propellants.  Consequently,  for  the  reasons  given  above  the 
transition  from  the  longitudinal  to  the  transverse  oscillations  occurs 
at  lower  steady-state  combustion  pressures  for  ethylene-air  than  for 
methane- air. 

Figure  24  illustrates  qualitatively  the  effect  of  the  equivalence 
ratio  upon  the  heat-releaae  rates  of  mixtures  of  methane  and  air, 
ethane  and  air,  and  ethylene  and  air  (#)(9)(10),  It  ia  seen  from  Fig, 

24,  that  for  a  given  heat-release  rate  the  range  of  equivalence  ratio 
is  larger  for  ethylene  than  for  methane  «nu  ethane,  Thua,  the  range  of 
equivalence  ratios  in  which  combustion  pressure  oscillations  could  occur 
for  ethylene  would  be  greater  than  ahose  for  methane  and  ethane* 

the  jjn  pnftuonjig  for  jj^thv^v  and  sir  exceed 

approximately  150  psia  the  range  of  equivalence  ratios  giving  combustion 
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prejsure  oscillations  of  a  longitudinal  mode  is  quite  narrow.  At  com¬ 
bustion  pressures  above  150  psia  the  amplitudes  of  the  longitudinal 
combustion  pressure  oscillations  become  very  small  (less  than  5  psi), 
but  large  amplitude  transverse  combustion  pressure  oscillations  may  oc¬ 
cur  (see  Fig,  18), 

For  the  ethane-air  propellants  the  combustion  pressure  oscillations 
transform  from  a  longitudinal  to  a  transvoroe  mode  at  a  lower  steady- 
state  combustion  pressure  than  for  the  methane-air  propellant 3,  The 
-’thylene-air  combination  has  the  highest  heat-release  rate  cf  the  pro¬ 
pellants  investigated,  and  with  these  propellants  combustion  oscillations 
of  a  longitudinal  mode  transformed  into  oscillations  of  a  transverse  mode 

nt.  pnmhnqt^  as  **  AO  tys*  a  . 

For  all  of  the  propellants  investigated  no  oscillations  were  ob¬ 
served  below  some  value  for  the  steady-state  combustion  pressure.  At 
those  low  pressures,  the  propellant  flow  rates  are  small  and  the  amount 
of  energy  supplied  per  unit  time  to  the  combustion  zone  was  insufficient 
for  driving  a  combustion  pressure  oscillation, 

3,  Effect  of  Nozzle  Configuration 

A  comparison  of  Figs,  20  and  21  indicates  that  a  slight  configura¬ 
tion  change  in  the  converging  portion  of  the  nozzle  has  no  appreciable 
influence  upon  the  wave  shape  of  the  combustion  pressure  oscillations. 
Figure  22  illustrates  that  the  wave  shape  of  the  oscillation  shown 
in  channel  2  (the  Photoccn  transducer  located  2  l/2  inches  upstream  of 
the  nozzle  entrance)  differs  markedly  from  that  of  the  shock  type.  The 
difference  may  be  attributed  to  trie  face  that  the  entrance  section  of  the 
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nozzle  no  longer  affords  a  surface  from  which  pressure  waves  can  be  re¬ 


flected  in  the  longitudinal  direction  with  full  intensity  but  causes 
the  reflected  pressure  waves  to  interfere  with  each  other* 
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NOTICE:  WHEN  GOVERNMENT  OR  OTHER  DRAWINGS,  SPECIFICATIONS  OR  OTHER  DATA 
Ml®!!  FOR  ANY  PURPOSE  OTHER  THAN  IN  CONNECTION  WITH  A  DEFINITELY  RELATED 
GOVERNMENT  PROCUREMENT  OPERATION,  THE  U.  S,  GOVERNMENT  THEREBY  INCURS 
NO  RESPONSIBILITY,  NOR  ANY  OBLIGATION  WHATSOEVER;  AND  THE  FACT  THAT  THE 
GOVERNMENT  MAY  HAVE  FORMULATED,  FURNISHED,  OR  IN  ANY  WAY  SUPPLIED  TEE 
SAID  DRAWINGS,  SPECIFICATIONS,  OR  OTHER  DATA  IS  NOT  TO  BE  REGARDED  BY 
IMPLICATION  OR  OTHERWISE  AS  IN  ANY  MANNER  LICENSING  THE  HOLDER  OR  ANY  OTHER 
PERSON  OR  CORPORATION,  UK  CONVEYING  ANY  RIGHTS  OR  PERMISSION  TO  MANUFACTURE, 
USE  OS  SEI.I,  ANY  PATENTED  INVENTION  THAT  MAY  IN  ANY  WAY  BE  RELATED  THERETO. 


CONCLUSIONS  AND  REC 01 24EUDA. TI  CMS 


From  the  experiments  performed  thus  far  under  Phases  I  and  II  of 
the  program,  It  1»  apparent  inat  little  is  known  of  the  mechanism  whereby 
high  frequency  combustion  pressure  oscillations  are  initiated,  amplified 
and  attenuated. 

The  experiments  discussed  herein  were  conducted  with  premixed  gases 
as  the  propellents.  The  time  lags  for  vaporizing  and  mixing  the  propel- 
lants,  present  in  the  case  of  liquid  propellants,  were  absent  (11), 
Nevertheless,  high  frequency  combustion  pressure  oscillations  were  ob¬ 
tained.  It  appears  probable  that  the  time  lag  required  for  vaporizing 
and  mixing  liquid  propellants  may  not  be  a  predominating  factor  in  the 
initiation  of  high  frequency  combustion  pressure  oscillations.  More  in¬ 
vestigation  is  needed  to  establish  that  point. 

The  experiments  indicate  that  the  rate  of  heat-release  of  a  propel¬ 
lant  combination  is  an  important  factor  in  initiating  high  frequency  com¬ 
bustion  pressure  oscillations 5  the  normal  burning  velocity  was  the  prop¬ 
erty  employed  f-.v  comparing  the  heat-release  rates  of  premixed  gases. 

The  experiments  demonstrate  that  the  geometry  of  the  combustion 
charter  exercises  a  decisive  influence  in  initiating  and  sustaining  the 
high  frequency  combustion  pressure  oscillations*  Furthermore,  the  con¬ 
figuration  of  the  exhaust  nozzles  affeev,  the  wave  form  of  the  high  fre¬ 
quency  combustion  pressure  oscillations. 
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Although  transverse  combustion  pressure  oscillations  were  observed 


in  the  experiments,  insufficient  studies  of  that  phenomena  were  made 
for  deducing  general  conclusions.  Research  has  been  planned,  employing 
larger  diflmeter  motors  fnv*  making  a  more  complete  study  of  the  trans¬ 
verse  modes  of  oscillation. 

It  is  planned  to  expand  the  experimental  program  concerned  with  the 
influence  of  heat-relea3e  rates  upon  the  high  frequency  combustion  pres¬ 
sure  oscillations.  It  is  also  planned  to  study  the  effect  of  changing 
the  location  of  the  propellant  injection  system  and  also  the  influence 
of  fuel  additives  upon  the  high  f*-«quency  combustion  press ure  oscilla¬ 
tions. 
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APPENDICES 


APPENDIX  A 


NOTATION 


Arrhenius  constant 
local  concentration  of  fuel 
local  concentration  of  oxidizer 
characteristic  velocity 
2*  73  328 

r  rt  ^  I  w  ?*r*r**9 

ethane-air 
ethylane-air 
equivalence  ratio 

function  of  the  transport  properties  of  the  system 
frequency 

acceleration  of  gravity 
a  constant 

length  of  the  combustion  chamber 
methane- air 
combustion  pressure 
local  pressure 

baat  release  rate  per  unit  volume 
gas  constant 

experimental  flame  speed 


local  temperature 
adiabatic  flame  temperature 
reaction  rate 

portion  of  fuel  remaining  unburnt 
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APPENDIX  B 

DESCRIPTION  OF  APPARATUS 
INSTRUMENTATION  AND  MEASUREMENTS 

la  General  Description,  Figure  25  illustrates  schematically  a  plan 
view  of  the  test  cell,  propellant  supply  tanks,  and  control  room.  All 
of  the  rocket  motor  experiments  described  herein  were  conducted  in  the 
above  tost  cell.  The  control  panel  for  remote  operation  of  the  rocket 
motor  and  also  the  requisite  instruments  for  recording  the  data  were 
located  in  the  control  room, 

2,  Control  Room,  The  control  room  oont aift&u  the  !!firing  control  con¬ 
sole  ,,r  the  indicating  and  the  recording  pressure  gages  for  steady- state 
readings,  the  high  frequent'  /  pressure  measuring  instrumentation,  the 
temperature  indicators,  and  the  instruments  giving  the  steady-state  flow 
rat  os  of  air  and  fuel*  Figure  26  illustrates  the  arrangement  of  the  ap¬ 
paratus,  All  of  the  operations  of  the  rocket  motor  were  controlled  from 
the  M firing  control  console”  which  contained  all  of  the  requisite  con¬ 
trol  switches, 

3*  Test  Cell,  Figure  2?  is  a  photograph  of  a  rocket  motor  mounted  on 
the  thrust  stand  in  the  test  cell.  The  latter  housed  the  rocket  motor, 
the  thrust  stand,  and  the  fuel  and  air  feed  lines  and  their  associated 
apparatus  * 

4(a),  Air  Supply  System,  High  pressure  air  at  approximately  1500  psig 
was  supplied  to  the  pressure  reducing  system  illustrated  in  Fig,  3*  By 


! 
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Fig.  25  Plan  View  of  Tes*  Cell 
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Fig.  2?  Rockel  Motor  apparatus 
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cleans  c f  the  latter  system  the  air  entered  the  cell  at  a  constant  pres¬ 
sure  of  550  psig;  the  pressure  was  controlled  by  a  preset  Grove  "Powre- 
actor  Dome"  Pressure  Regulator  (Type  RBX  204-02)*  The  pressure  of  the 
air  supplied  to  the  rocket  motor  was  regulated  to  the  required  value, 
that  which  would  give  the  required  flow  rate,  by  means  of  a  second 
pressure  regulator  (Type  RBX204-015,  externally  loaded);  th*  outlet 
pressure  of  the  latter  regulator  was  set  by  means  of  an  Atlas  reducing 
and  relief  valve.  The  air  flow  rate  was  metered  by  a  sharp-edged  ori¬ 
fice  plate  in  conjunction  with  a  differential  pressure  transducer 
(Wiancko  Model  P  1203),  the  output  of  the  latter  was  recorded  on  an 
automatic  balancing  potentiometer  (Minneapolis  Honeywell  Model 
160632-XX-C1),  From  the  orifice  plate  the  air  flowed  through  a  bipro¬ 
pellant  valve  (taken  from  an  Aerojet  38ALDV-1500  JATO  unit)  to  the  in¬ 
jector,  A  safety  valve  was  installed  in  the  air  line  and  was  set  to 
limit  the  maximum  pressure  to  600  psig, 

4(b),  Fuel  Supply  System.  The  fuels  used  in  the  investigation  with 
the  exception  of  propane  were  supplied  from  compressed  gas  bottles* 

The  methane  used  was  commercial  grade  (93.0  per  cent  purity),  the 
ethane  was  research  grade  (95.0  per  cent  minimum  purity),  and  the 
ethylene  was  research  grade  (99.5  per  cent  minimum  purity).  The  methane 
was  supplied  at  lf>00  psig,  the  ethane  at  523  psig,  and  the  ethylene  at 
1200  psig  (each  pressure  at  70°F),  The  fuel  from  the  supply  cylinder 
entered  the  test  cell  at  cylinder  pressure  and  was  reduced  to  a  pres¬ 
sure  of  approximately  550  psig  by  a  preset  Grove  "Powreactor  Dome" 
Pressure  Regulator  (Type  RBX  204-015).  The  line  pressure  of  the  fuel 
supplied  to  the  rocket  motor  was  regulated  to  give  the  desired  flow 
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rate,  an  externally  loaded  Grove  "Powreactor  Dome'*  Pressure  Regulator 
(Type  WB  206-04)  being  employed  for  that  purpose.  The  downstream  pres¬ 
sure  was  regulated  to  the  desired  value  by  means  of  an  Atlas  reducing 
and  relief  valve.  Downstream  from  the  afore-mentioned  Grove  Regulator 
the  fuel  flowed  through  a  sharp-edged  orifice  plate  Tor  metering  its 
flow  rate.  The  differential  pressure  across  the  orifice  plate  was  mea¬ 
sured  by  means  of  a  V/iancko  differential  pressure  transducer  (Model 
P120'3) ,  Fros  the  orifice  plate  the  fuel  flowed  through  the  bipropel¬ 
lant  valve  to  the  injector. 

The  p:,opane  was  transferred  from  a  commercial  low  pressure  bottle 
illustrated  in  Fig,  28,  to  an  AISI^  Type  347,  stainless  steel  spherical 
tank  which  was  hydrostatically  tested  to  1500  psig,  The  level  of  the 
liquid  propane  inside  the  stainless  steel  tank  was  indicated  by  means 
of  a  sight  glass.  The  stainless  steel  tank  was  iamereed  in  an  open 
tank  (see  Fig,  28)  containing  a  mixture  of  ethylene  glycol  and  water 
having  a  freezing  point  of  0°F.  The  water- glycol  mixture  was  heated  to 
a  temperature  of  170°F  by  four  electrical  immersion  heaters  (Model  TC- 
4034-230V)  made  by  the  E,  L,  Uiegand  Company.  At  a  temperature  of 
170  F  the  propane  in  the  stainless  3teel  tank  becomes  a  saturated  liquid 
at  a  pressure  of  425  psia.  When  that  pressure  ia  reached,  a  pressure 
switch  (Mercoid  Model  DA-24)  installed  in  the  propane  line  in  the  test 
cell  opens  an  electric  circuit  to  a  coil  of  a  220  volt  90  e  >ere  re1 ay 
(Allen  Bradley  Model  7029QA92A)  which  opens  the  circuit  of  the  four  im¬ 
mersion  heaters,  V/hen  the  pressure  in  the  propane  tank  drops  to  385  psia, 
the  circuit  to  the  relay  coil  is  closed  by  the  pressure  switch  which  in 
turn  closes  the  electric  circuit  for  the  immersion  heaters ,  Figure  29 
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is  a  schematic  drawing  illustrating  the  operation  of  the  afore-mentioned 
relay  and  immersion  heaters* 

The  propane  was  supplied  to  the  test  cell  at  a  pressure  somewhere 
between  385  and  425  paia,  It  was  discharged  from  the  top  of  the  high 
pressure  stainless  steel  supply  tank^  so  the  propane  left  the  tank  in 
the  vapor  phase.  The  line  pressure  of  the  propane  vapor  supplied  to 
the  rocket  motor  was  regulated  in  the  same  manner  as  described  for  meth¬ 
ane,  ethane,  and  ethylene,  A  superheater  was  installed  upstream  of  the 
orifice  plate  in  order  to  insure  that  the  prooane  was  in  the  superheated 
vapor  state  before  passing  through  the  orifice, 

A  safety  valve  was  installed  on  the  high  n reesm** 
the  latter  was  set  at  575  psig? 

5,  ignition  System,  The  fuel-air  mixture  fed  to  the  rocket  motor  com¬ 
bustion  chamber  waa  ignited  by  an  automotive  type  spark  plug,  which  was 
energized  by  a  magneto  (taken  from  an  Allison  W-710  engine)  driven  by  a 
one-quarter  horsepower  electric  motor*  the  latter  was  operated  remotely 
from  the  firing  c oncalo  in  the  control  room, 

6,  Research  Rocket  Hot  or.  Figure  30  presents  a  cross-sectional  drawing 
of  the  research  rocket  motor.  The  internal  diameter  of  the  combustion 
chamber  is  3  3/8  inches  and  it*?  length  is  determined  by  the  number  of 
sections  employed.  None  of  the  sections  of  the  combustion  chamber  were 
cooled, 

7*  Mixing  Chamber  *  Figure  31  illustrates  the  mixing  chamber  and  in¬ 
jector  oc  played  in  f be  investigation.  The  fuel  and  air  entered  the 
mixing  chanter  through  concentric  holes t  the  fuel  enter.?*!  through  the 
central  hole  and  the  air  through  the  annulus  surrounding  that  hole*  The 
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fuel-air  mixture  then  fl owed,  through  baffles  in  the  mixing  chamber  wherein 
it  w&a  thoroughly  mixed*  The  mixing  chamber  &nd  injection  system  were 
designed  to  operate  with  &  pressure  drop  of  approximately  150  pci  so  that 
any  tendency  for  low  frequency  combustion  oscillations  to  occur  would  be 
suppressed. 

S,  Combustion  Chamber.  Hie  combustion  chamber  was  assembled  from  mild 
steel  tubular  sections  illustrated  in  Fig.  30,  There  were  four  dif¬ 
ferent  types  of  sections*  The  first  type  wan  a  thin-walled,  un cooled 
section,  six  inches  l“ig,  having  no  provision  for  installing  high  fre~ 
q'*ncy  pressure  instrumentation.  The  second  type  was  a  heavy-walled 
uncooled  section  4  inches  longj  it  hxd  four  holes  tapped  in  the  side 
for  installing  four  high  frequency  pressure  transducers*  The  third 
type  of  section  was  a  heavy-welled  uncooled  section  6  inches  long, 
v*hich  had  four  tapped  hole  a  i  one  for  the  spark  plug,  one  for  the  thermo¬ 
couple,  one  for  the  eteady-state  coobuetion  pressure  tap,  and  one  for  a 
high  frequency  pressure  transducer.  The  fourth  type  of  section  con¬ 
sisted  of  a  group  of  three  spacing  rings  of  1  inch,  2  inch,  and  3  inch 
lengths  whose  purpose  was  to  provide  a  means  of  varying  the  length  of 
the  combustion  chamber  frow  6  inches  to  16  inches  in  one  inch  increments* 
The  spacing  rings  contained  no  instrumentation* 

A  fourth  spacing  ring  shown,  in  Fig,  30  was  used  to  sheath  the  in¬ 
jector, 

9*  Exhaust  Noaale,  The  noszlee  employed  in  the  investigation  are  shown 
in  Fig,  4«  The  one-inch  length  noaale  was  used  in  tne  mean  combustion 
pressurs^equi valence  ratio  tests,  and  the  one,  two,  and  four- inch  rrnsles 
were  used  in  the  noz?le  configuration  testa. 
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Instrumentation  and  Measurements 

X.  Pressure  Instrumentation  The  instrumentation  for  measuring  pres¬ 
sure  can  be  subdivided  into  two  groups:  (a)  the  high  frequency  Instru¬ 
mentation  and  (b)  the  steady-state  instrumentation, 

(a)  High  Frequency  Instrumentation*  This  instrumentation  comprised 
four  individual  channels  of  a  water-cooled  capacitance  typo  pressure 
transducer  (Photocon  Model  M -30  and  ?t2)  and  the  associated  electrical 
equipment  (Dynagage  Model  D.G,  101  and  Power  Supply  PS  102)  manufactured 
by  Photocon  Research  Products),  The  transducer  a  are  illustrated  in 
Fig,  32. 

Since  the  Photocon  transducers  and  electrical  v ***»  to  be 

employed  for  measuring  rapidly  fluctuating  pressures,  the  characteristics 
of  the  transducer  under  such  conditions  were  required.  A  brief  discus¬ 
sion  of  the  method  in  which  the  transducers  were  dynamically  calibrated 
may  be  found  in  Reference  1,  Figure  33  presents  the  dynamic  response 
of  the  Photocon  Model  M-30  transducers.  The  outputs  of  the  Photocon 
transducers  were  recorded  on  a  six-channel*  cathode  ray  oscillograph 
(Hathaway  Model  SC-16B), 

The  Photocon  transducers  were  statically  calibrated  before  each 
experiment. 

Water  cooling  was  used  during  the  calibration  if  the  transducers 
were  to  be  water-cooled  during  the  run.  The  calibration  pressure  was 
recorded  on  the  same  oscillograph  record  on  which  the  test  prepares 
were  recorded, 

(b)  The  Steady-State  Instrumentation,  This  instrumentation  consisted 
of  indicating  Bourdon  type  pressure  gages  and  recording  Bourdon  tube 
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pressure  gages.  The  recording  Bourdon  tube  pressure  gages  consisted  of 


four  Eater  line- Angus  Model  AW  units*  The  fuel  line  pressure,  the  air 
line  pressure,  injection  pressure,  and  steady-state  combustion  pressure 
were  recorded  on  the  above  unit*?.  The  indicating  Bourdon  tube  pressure 
gages  (Marsh  Model  103)  indicated  the  following  pressures!  Air  line 
loader  pressure*  fuel  line  loader  pressure,  air  l^e  pressure,  fuel 
line  pressure,  air  line  pressure  outside  cell,  regulated  fuel  supply 
pressure,  and  air  manifold  pressure. 

2,  Propellant  Flow  Instrumentation  and  Measurements.  Instantaneous 
flow  rates  were  measured  by  means  of  sharp-edged  orifices  in  conjunction 
with  reluctance- type  differential  pressure  transducers.  The  electrical 
output  from  each  differential  pressure  transducer  was  recorded  by  an 
automatic  balancing,  continuous  recording  potentiometer.  The  discharge 
coefficient  for  each  orifice  was  determined  by  calibrating  it  with  water. 
Since  gases  were  employed  as  the  propellants,  the  densities  were  deter¬ 
mined  from  the  pressure  and  temperature  measurements  made  upstream  from 
each  orifice  ;  late.  The  upstream  orifice  pressures  were  recorded  on 
the  Esterline-Angus  units  mentioned  previously,  and  the  upstream  orifice 
temperatures  were  indicated  on  aimplytroi  milli voltmeters  (Model  351)* 
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APPENDIX  0 

mr.-EELEASE  RATES  OF  THE  PROPELLANTS 

The  rate  at  which  two  gaseous  species  react  i a  governed  by  the 
frequency  at  which  collisions  occur  between  the  molecules  of  the 
species  and  by  the  proportion  of  these  collisions  which  produce  reaction* 
TaIB  nwih’ic  of  ooll&oi  ;rji  tfeich  are  productive  is  proportional  to  0 
where  E  is  the  ae+i’vtion  energy,  R  the  g 30  constant,  and  T*  the 

^.^ouav  ulu*  V% 

The  oxidation  of  a  hydrocarbon  has  been  shown  to  bo  a  ch^in  reac¬ 
tion  completed  after  a  large  number  of  collisions  between  molecules  of 
*any  intermediate  species.  It  may,  however,  be  supposed  that  one  reac¬ 
tion  in  the  chain  is  more  difficult  than  the  others  and  that  it  is  this 
reaction  that  predominantly  controls  the  rate  at  which  the  reaction  takes 
place  (9)#  It  may  also  be  assumed  that  the  concentrations  of  the  two 
species  participating  in  this  link  are  themselves  proportional  to  the 
concentrations  of  unburnt  fuel  and  oxygen  respectively*  This  leads  to 
an  expression  of  the  form 

Q  -  Kp2  T3/2  Cf  C0  e  K1'  (1) 

where  Q  i?  the  heat-release  rate  per  unit  volume*  K  is  a  collision 
frequency  constant*  T  and  p  are  the  local  mixture  temperature  and 
pressure*  and  and  C0  are  the  local  concentrations  of  fuel  and 


1 


oxidiser, 
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A  study  of  equation  1  reveal®  that  the  heat-release  rate  Increases 
as  the  local  fixture  pressure  and  temperature  are  increased*  Since  the 
local  mixture  pressure  increases  as  the  combustion  pressure  increases, 

Q  also  increases  with  the  cc ©bust! on  pressure* 

It  is  convenient  to  express  the  tanperature  and  the  local  concentra¬ 
tions  in  terns  of  the  over- all  fuel/air  ratio  f,  the  proportion  of  fuel 
remaining  unbum t  <  ,  and  the  adiabatic  temperature  T^,  Equa¬ 
tion  1  becomes  ~ 

_ £ 

3/2  _  a(Tf  -  gS) 

Q  ~  K«e  [l  -  (X  -«}  i/t*  ]  p2  {Tf  e~  p  (2) 

P 

wnere 

V  is  a  constant • 

f*  is  the  stoichiometric  fuel/air  ratio, 

H  is  the  calorific  value  of  the  combustible  mixture, 

0^  is  the  as&n  specific  heat  between  7  and 
Although  no  dAta  are  available  for  depicting  the  relationship  between 
the  heat-release  rates  of  the  afore-mentioned  propellants^  it  is  be¬ 
lieved  that  burning  velocity  measurements  for  the  propellants  ©ay  be 
employed  In  a  comparison  of  the  heat-release  rates. 

For  example,  nearly  all  of  the  theoretical  equations  (15)  for 
normal  burning  velocity  can  ultimately  be  reduced  to  the  form 

32  »  EW  (3) 

where 

S  is  the  normal  burning  velocity. 


F  a  function  of  the  transport  properties  of  >he  system,  including 
the  diffusion  coefficient,  the  thermal  conductivity,  viscosity, 
etc* 

W  the  reaction  rate. 

Equation  3  can  be  rewritten 


/ 

< 

S  «  v^FA  e 


E  \  l/fZ 
\ 


(4) 


A  4 ■  s  constant# 

Since  the  premised  gases  used  in  the  investigations  are  comprised 
mostly  or  air*  the  function  (r)  *  *?ncpcrt  properties  of  tl'*^ 

system  becomes  essentially  the  same  for  ell  the  propellanta  used,  Thus 
it  is  nece  jary  to  consider  only  the  differences  in  bur-uing  velocity  of 
the  propellants  >iben  comparing  the  propel:. ant  reaction  rates  (or  heat- 
release  rates). 

Figure  24  illustrates  qualitatively  the  variation  of  heat-releaae 
rate  with  equivalence  ratio  for  the  propellanta  methane  and  air,  ethane 
and  air,  and  ethylene  and  air.  Figure  24  is  based  upon  data  for  the 
burning  velocities  of  the  propellants  (10), 

Table  1  (Appendix  E)  presents  the  dependence  of  the  burning  velocity 
upon  initial  mixture  temperature  ard  pressure  for  the  propellants* 
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PROCEDURE  FCH  CONDUCTING  A  ROCKET  MOTOR  RUN 

The  general  procedure  followed  in  conducting  a  rocket  motor  run 
involved  the  following* 

(1)  Selecting  the  combustion  chamber  confi gar ati on* 

(2)  Selecting  the  propellants* 

(3)  Selecting  tn©  instrumentation  to  be  employed, 

(4)  Calibrating  the  pressui r  transducers, 

(5)  Operation 

1*  Selecting  the  Combuetion  Chamber  Configuration*  'Ihc  length  of  the 
combustion  chamber  was  altered  1>  *  changing  the  length  of  *he  tubular 
sections  between  the  injector  und  the  nozzle.  Various  lengths  ranging 
from  6  to  28  inches  in  one- inch  increments  were  available  (soe  Appendix 
B),  Three  different  exhaust  nozzles  were  available,  as  described  In 
Appendix  B,  having  a  throat  diameter  of  one-half  inch  and  different 
convergence  angles* 

2,  Selecting  the  Propellant a s  The  gaseous  propellants  (methane  and 
air,  ethane  and  air,  ethylene  and  air,  and  propane  and  air)  were  used 
in  the  series  of  experiments  concerned  with  the  steady-state  combustion 
pressure  and  equivalence  ratio  and  the  length  of  corimstion  chamber* 
Methane  and  air  vere  utilized  in  the  nozzle  configuration  experiments* 

For  each  length  of  con&uation  chamber  a  rocket  motor  run  was  made 
for  each  of  the  three  propellant  combinations. 
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3*  Selecting  the  Instrumentation  to  Be  Employed,  The  previously  se¬ 
lected  combustion  chamber  configuration  determined  the  number  of  high 
frequency  pressure  tran saucers  to  be  employed.  The  steady-state  com¬ 
bustion  pf  35  surs-s  qui  valence  ratio  and  the  no**le  configuration  experi¬ 
ments  utilized  four  Photo  con  transducers  and  the  length  of  combustion 
chamber  experiments  utilised  one  Photocon,  The  location  of  tho  Photucons 
was  described  previously. 

In  addition,  measurements  were  made  of  the  pertinent  variables  for 
determining  the  air  flow  rate,  fuel  flow  rate,  the  injector  pressure, 
and  the  steady- st Hi o  wvjutwcti'wi 

4*  Calibrating  the  Pressure  Transducers »  A  maximum  of  six  pressur* 
transducers  were  employed  in  any  one  roeKei  motor  rur*,  then 

were  differential  pressure  transducers  (Wiancko)  employed  for  measuring 
the  propellant  flow  rates,  the  remaining  four  were  high  frequency  pres¬ 
sure  transducers  (Photocon),  All  of  the  pressure  transducers  were  cali¬ 
brated  before  each  rocket  motor  run.  Any  pressure  transducer  that  was 
to  operate  "water-cooled"  during  a  firing  run  was  waier-cooled  during 
its  calibration. 
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AFrliwDIX  E 

PROPERTIES  OF  THE  PROPELLANTS 
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